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Abstract
MECHANISMS OF CONTROL OF BLOOD FLOW IN THE
FORELIMB OF SHEEP
by Paul J. Marks
Although much is known about the factors involved in
the control of blood flow, the cellular mechanisms of their
action are poorly understood. This study investigated the 
mechanisms of norepinephrine, epinephrine, isoproterenol, 
and acetylcholine.
First, in a constant pressure/variable flow prepara­
tion we characterized the sheep brachial artery blood flow 
response to, and recovery from, 10-min infusions of each of 
these drugs. Then we used a computer model to simulate 
changes in blood flow in response to altered ion permeabili­
ties or pump speeds (the mechanisms). We tried to produce 
responses like those to the drug infusions so that we could 
infer that the mechanisms invoked by the model were the ones 
involved in producing the experimental response.
Norepinephrine produces a rapid vasoconstriction and 
decrease in flow. There is a slight recovery during the in­
fusion. The recovery takes several minutes and it is with­
out overshoot. The response to epinephrine is diphasic. 
During the first minute there is a vasodilation and subse-
quent intense vasoconstriction which continues throughout 
the infusion. When the infusion is stopped there is a rapid 
recovery and an overshoot in flow. Isoproterenol results in 
an initial peak increase in flow during the first minute, 
hut recovers about one third of the increase and then
steadily increases to the level of the original peak during 
the remainder of the infusion. There is a slow recovery. 
Acetylcholine also produces an extreme peak increase in 
flow, but about half of the increase is recovered in the 
first minute or two, and there is a slight decline during 
the remainder of the infusion. Flow recovers very rapidly 
when the infusion is stopped.
On the basis of our simulations our hypotheses are:
is the major mechanism of norepinephrine 
action (alpha receptor); (2) stimulated Na-K ATPase is a 
major mechanism of isoproterenol (beta receptor), but not 
the only one; and (3) epinephrine involves a large stimula­
tion of the Na pump and a small increase in P 
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The cardiovascular system as a whole has a marvelous 
capacity for regulating blood flow in the body, 
for this is that, within physiological limits, each individ­
ual tissue can adjust blood flow to meet its own needs.
Though this has been recognized for over a. century (Gaskell, 
1877) physiologists still do not have a clear understanding 
of all the factors that are involved, their interactions, and
The basis
It is the aim of thisthe mechanisms by which they act. 
project to make a small contribution to the solution of this
puzzle.
Acute regulation of local blood flow, as in exercise 
hyperemia, reactive hyperemia, and autoregulation, occurs by 
the interaction of many factors. Systemically, the differ­
ence between arterial and venous pressures provides the 
driving force for blood flow. Resistance in the vasculature 
is controlled by tissue factors and central neurohumoral 
mechanisms which can control large parts of the circulation
simultaneously. Blood flow is the quotient of arterio­
venous pressure difference and resistance.
We shall not discuss the control of the pressure head
since it is normally kept within narrow limits, and we used 
a constant pressure/variable flow method, 





in turn depends mainly on activation of the contractile 
proteins. Though intracellular ionic strength and pH modu­
late this activation, altering the calcium economy of the 
cell is the means that most controls employ (Somlyo and 
Somlyo, 1968). Figure 1, a diagram of some of the factors 
at the "heart" of control of blood flow, illustrates these 
relationships schematically.
In the long term, regulation of blood flow also de­
pends on the degree of vascularity of the tissues. Chronic 
use or disuse of a tissue causes increased or decreased 
blood flow. Oxygen is believed to be involved in the 
process, but the mechanism is not well understood (Guyton,
1981).
Before proceeding with an explanation of the nature 
and purpose of this project I shall offer a summary of the 
major theories of tissue control of blood flow, and notes on
the remote controls—nervous and humoral mechanisms. This
is the context of this research.
The total tissue pressure hypothesis supposes that 
autoregulation occurs in vessels by the pressure of tissue 
fluid on them. If the arterial pressure in the system is 
increased, fluid will move from the capillaries to the extra-
vascular space. Assuming there is some kind of rigid 
container surrounding the organ or tissue, this causes the 
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Figure 1. Partial scheme of factors controlling blood flow.
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have the lowest internal pressure they are most vulnerable 
to changes in tissue pressure and would be expected to in­
crease their resistance as tissue pressure increased, thus 
exhibiting tissue pressure autoregulation (Johnson, 1964).
Bayliss proposed the basis of the myogenic hypo­
thesis (Bayliss, 1902). It states that the degree of con­
traction of resistance vessels is determined by their 
transmural pressure. An intrinsic mechanism is supposed 
where the smooth muscle cells of the arteries and arterioles
respond to an increase in internal pressure or tension in 
the wall by contraction. Thus, alterations in arterial 
pressure are balanced by reciprocal changes in resistance, 
and blood flow tends to remain constant (Johnson, 1964).
According to the metabolic theory, changes in 
metabolism or in blood flow produce changes in the concentra­
tions of vasoactive substances and oxygen in the tissue 
fluids surrounding the blood vessels, 
produce active changes in the caliber of the blood vessels 
which cause blood to flow at a rate which is more appropriate
It is clearly evident that no one 
agent or group of agents can account for all the types of 
local regulation in all regulating organs, or in any one 
organ in all situations (Haddy, 1968; Johnson, 1964; Komer,
These alterations
to the metabolic needs.
1974).
Related to the metabolic theory is another theory, 
the oxygen or nutrient demand theory. It states that oxygen
5
and other nutrients are required to maintain smooth muscle 
contraction. In a situation of decreased supply or in­
creased utilization the blood vessels would dilate. When
the "stimulus" was removed they would be able to constrict 
again (Johnson, 1964; Guyton, 1981). The difference between 
this and the metabolic hypothesis is that the metabolic 
hypothesis postulates production of vasoactive substances, 
whereas this hypothesis postulates a lack of substances 
necessary for maintaining tone.
The remote controls are superimposed upon local 
controls and may be synergistic, but more often are antagon­
istic to them. The involvement of neural transmitters and
circulating substances is unequivocally accepted, whereas 
definite knowledge in regard to some of the local controls 
is still lacking.
With few exceptions, all vascular areas are supplied 
with sympathetic nerves. All have vasoconstrictor fibers 
(noradrenergic), and vasodilator fibers (cholinergic) are 
found in some animals at least. The vasoconstrictor fibers
are responsible for sympathetic tone. It is postulated that
the vasodilator fibers cause the initial vasodilation in
skeletal muscle that allows an anticipatory rise in blood
flow at the onset of exercise. The transmitter at vasocon­
strictor sympathetic nerve endings is norepinephrine. In 
addition, the adrenal medullae are, in a sense, an extension
6
of the sympathetic nervous system, and they release epineph­
rine and norepinephrine when stimulated. As the name im­
plies, stimulation of cholinergic fibers causes release of 
acetylcholine.
Humoral regulation is regulation by substances in the 
Hormones such as epinephrine and norepineph­
rine from the adrenal medullae, ADH from the posterior pit­
uitary, and angiotensin are potent vasoactive agents.
As noted initially, control of resistance vessels 
and blood flow involves interactions of all these factors.
body fluids.
There is still much to be learned about these interactions
and the relative importance of each in different regions.
We can be sure that the picture of blood flow control that 
emerges will not be a simple one.
Also poorly understood are the cellular mechanisms by 
which these factors work, and it has been the purpose of this 
project to investigate some of these cellular mechanisms. 
Clarification of the mechanisms by which blood flow is con­
trolled will be a significant advance in physiology, but it 
can also be expected to make a contribution to medicine with 
respect to understanding and treating vascular disease.
In this context we have endeavored to elucidate the
cellular mechanisms of some aspects of neural control.
Since the nerves of the autonomic nervous system use trans­
mitters, we can simulate their effect with exogenous sub-
7
stances that act on the postsynaptic membrane. We have used 
four drugs in this way.
The basic experimental design of the project is one 
that has had little use in the study of control of blood 
flow. First, we have characterized the time course of 
changes in blood flow in response to a disturbance. Then, 
using a computer model that simulates blood flow responses, 
we have predicted the time course of blood flow that would 
result if a given set of cellular changes (mechanisms) were 
invoked. By comparing the time course derived experimental­
ly with the model predictions one can determine whether or 
not a given set of mechanisms could be responsible for the 
action of the disturbance.
Specifically, in this project we have characterized 
the time course of changes in blood flow in response to the 
autonomic transmitters norepinephrine, epinephrine, and 
acetylcholine, and to isoproterenol (a beta agonist). In 
characterizing the response we allowed a control peri­
od, gave a 10-min infusion of the drug, and monitored the 
recovery for 10 min. Since it is generally believed that 
drugs act through membrane receptors to change plasma mem­
brane ion permeabilities and activity of electrogenic pumps 
(Putney, 1978; Somlyo and Somlyo, 1968) (see Figure 1 for a 
representation of this) we have simulated the responses to 
changes in these aspects of membrane f-unction, both
8
individually and in combinations. We have compared these 
simulations with the average responses to the drugs, and 
noted the sets of mechanisms which are compatible with the 
experimental results. We may postulate that these are the 
mechanisms involved, but there is no guarantee that they are, 
even if the experimental and predicted responses were iden­
tical. The procedure we have used is, however, a good test 
of hypotheses about cellular mechanisms because it would be 
difficult to simulate the complete response—initial 
response, transients during the infusion, and recovery—by 
accident. The design is efficient because each of these 
three parts of the response can give clues about the mechan­
isms involved.
One may think of the drugs we have used as select­
ive probes of cellular mechanisms involved in neural con- 
Since they act through plasma membrane receptors— 
alpha- and beta-adrenergic receptors, and muscarinic cholin­
ergic receptors--we are investigating the mechanisms that 
are invoked by activation of these receptors, 
sions are thus applicable to the many drugs that act 
through these receptors.
In the vast amount of literature devoted to control
trol.
The conclu-
of blood flow, a relatively small portion deals with the
cellular mechanisms of action of the various controls. In
addition, the heterogeneity of vascular smooth muscle means
9
that information from one vascular bed in one species may
We have notednot apply directly to other vascular beds, 
some of the suggested mechanisms from the literature. There
is no concensus, but we hope that the model and our pro­
posals will suggest hypotheses that may become the basis of 
future experiments. Further, modeling in itself provides a 
very powerful "experimental" tool.
In summary, this study has two major goals. The 
first is to develop and use a technique to record, and thus 
characterize, the time course of blood flow in response to 
infusions of norepinephrine, epinephrine, isoproterenol, 
and acetylcholine. Secondly, using a computer model that 
simulates blood flow, we will propose and test hypotheses 
for the mechanisms of action of these drugs. The conclu­
sions naturally extend to autonomic control of the vascula­
ture, and to the action of other drugs that act via the same 
receptors as the drugs investigated in this study.
METHODS
In this project sheep were the preferred experimental 
animals because they were often available in the laboratory 
after use by other investigators, and because my advisor has 
planned a continuing study where control of blood flow will 
be investigated in the sheep fetus, neonate, and adult.
Flow in the intact autoperfused limb was investi­
gated. The forelimb was chosen because it is largely skin 
and skeletal muscle, and because the brachial artery, which 
was isolated, has fewer collaterals than the arteries in the
hindlimbs.
The procedure had to be -developed and perfected, but 
the results that were used followed the protocol described
below.
Female sheep, approximately 30_60 kg, that had been 
fasting for 15-20 h before the experiment were anesthetized 
with sodium pentobarbital (approximately 15-20 mg/kg, i.v.). 
The animal was then placed on the surgical table on its back. 
The hind limbs were tied down, and the forelimb which was 
not used in the experiment was tied back. This arrangement
was found to afford adequate exposure of the area where a
cut-down to ghe brachial artery was made. A drape was placed
over the lower two-thirds of the ewe to reduce heat loss.
Except in a few instances, a tracheotomy was then performed,
10
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and mechanical ventilation begun. A Harvard respirator at a 
tidal volume of approximately 500 ml and rate of 16 min 
was used. This procedure was instituted after several 
animals required artificial respiration and died before it 
was begun. An intravenous catheter was then inserted into 
the jugular vein, and the animal was titrated to the level 
of surgical anesthesia with sodium pentobarbital. A drip 
was run to provide fluid and additional anesthetic as needed. 
In practice this was approximately 1 drip/s of a solution 
containing 1.1 1 of saline, 5 g of sodium pentobarbital, and 
1 g of ketamine hydrochloride.
The brachial artery was exposed and a side branch was 
cannulated with PE 60 tubing. This was connected via the 
hub of a 21 gauge needle to a pressure transducer (Statham 
P23Db) and the output was recorded on a multichannel poly­
graph (Beckman, Model R612). An electromagnetic flow probe, 
usually of 12 mm internal circumference, but depending on 
the size of the artery, was placed about 10 mm proximal to 
the bifurcation of the artery. Blood flow was monitored 
using a square-wave electromagnetic flowmeter (Carolina 
Medical Electronics, Model 5°i)» and recorded on the poly­
graph. An occluder made from PE 210 tubing and 1-silk was 
used to check zero flow.
The catheter that was used to monitor arterial pres­
sure had a 20 mm section of silastic tubing near the artery.
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It was punctured by a 3° gauge needle to which a length of 
PE 10 tubing was attached, and through which a constant in­
fusion of isotonic saline was delivered. The saline was
contained in a 60 ml plastic syringe and was infused at 0.6 
ml/min by an infusion-withdrawal pump (Harvard Apparatus, 
When baseline conditions in arterial bloodModel 915)•
flow and mean arterial blood pressure were established, the 
drug infusions were begun.
The four drugs were norepinephrine (NE) (Levophed 
bitartrate, Breon), epinephrine (E) (Adrenalin chloride, 
Parke-Davis), isoproterenol (ISO) (Isoproterenol hydrochlo­
ride, IMS), and acetylcholine (ACh) (Acetylcholine chloride, 
Sigma). Solutions were prepared with isotonic saline and 
brought to room temperature before use. The drugs were 
delivered intraarterially in a similar manner to the contin­
uous saline infusion. The only difference was that the drug 
was in a 12 ml syringe and was infused at a slower rate than 
the saline. The needle punctured the silastic tubing of the 
pressure monitoring catheter distal to the saline infusion 
needle. By this arrangement the saline was used to "wash" 
the drug into the blood stream, and the latent period of the 
response was less than we found with other arrangements.
The infusions were given in a random order. After a 
control period of 5 min, a 10-min infusion of the drug was 
given, and recovery was monitored for at least 10 min. The 
doses that were used were determined by trial and error to
13
achieve an appropriate blood, flow response. The exact 
values can be found in the tables of the appendix. In prac­
tice the ranges were the following: norepinephrine = 0.37 - 
9.20 ug/min, epinephrine = 0.18 - 2.30 ug/min, isoproterenol 
= 0.09 - 0.18 ug/min, and acetylcholine = 0.02 - 4.60 ug/min. 
Since this was a variable flow study, the actual arterial 
concentration varied during the course of each infusion.
Also, the control brachial artery flow varied widely from 
animal to animal, and added to the variation in arterial 
concentration.
During each trial arterial blood flow, mean arterial 
pressure, and heart rate (except in a few instances) were 
recorded on the polygraph. Heart rate changes were consid­
ered to be an index of sympathetic tone. Slight systemic 
arterial pressure and heart rate changes were caused by some 
infusions.
After the experiment the polygraph records were ana­
lyzed. In order to have constant systemic factors we 
arbitrarily set criteria for these variables, and responses 
where arterial pressure varied more than 10 mm Hg, or heart 
rate varied more than 10/min, were discarded. Blood flow 
was analyzed by hand. A data point was taken every minute, 
except in the first minute of the infusion where a point was 
taken every 20 s, and in the first minute of the recovery 
where a point was taken after 30 s also. The data were then
14
control blood flow is a relative blood flow ofnormalized:
"1." The normalized values were averaged, and standard de­
viations were calculated. The values are reported in the 
appendix, and graphs of the responses are included in the 
results. In the case of norepinephrine and epinephrine the 
responses were arbitrarily divided into high and low doses. 
For acetylcholine there is one major category, but two addi­
tional trials were run at a much lower dose.
The quality of our experimental preparations in­
creased as we gained experience. We often had difficulty 
maintaining a steady blood flow. As a general rule, the 
control blood flow increased during the course of each ex­
periment. We can probably ascribe this to the effect of the 
anesthetic. Anesthetics are generally dilators of skin and 
skeletal muscle, and sodium pentobarbital has been shown to 
have this effect (Flaim et al 
1974). Over the approximately 25 min of each trial, the 
dilating effect was probably not great, but may partially 
account for the difficulty we experienced in getting blood 
flow back to control after the administration of vasodilat-
1979; Heistad and Abboud,• t
ing drugs.
Robert Brace developed the mathematical model that 
we used to simulate blood flow. It is a complex FORTRAN 
program of about 400 statements at present, but Figure 1 
provides a fair description of the scheme it uses. Changes
15
in permeabilities or the activity of ion pumps cause changes 
in actomyosin activation, vessel radius, vascular resistance
and blood flow.
Initially we used the model to predict the blood
flow responses to each of the individual mechanisms, 
effects of combinations of these mechanisms were then simu-
The
lated. The patterns of the predicted responses were 
compared with those of the observed responses to the drug 
infusions. Where they were the same we postulated that the
mechanisms of the predicted response were responsible for
More often, there were some simil-the action of the drug, 
arities but the patterns were not the same in all respects. 
In these cases, especially, we considered other evidence to
try and formulate a tenable hypothesis.
RESULTS
In the presentation of results and discussion, con­
trol is considered negative time, and the perturbation
It continues until the tenth minute,begins at time zero, 
and recovery is shown until the twentieth minute.
Experimental Results
Figures 2-5 display the brachial artery blood flow 
response to norepinephrine, epinephrine, isoproterenol, and 
acetylcholine. Different doses were tried because it is 
known that different concentrations may produce responses 
with different characteristics, due to stimulation of other
mechanisms.
Norepinephrine. The response to NE infusion is
One curve is the average of responses toshown in Figure 2. 
doses that were arbitrarily considered high due to their
effect (n=8) and the other is for responses to low doses
(n=6).
The pattern of the response does not depend on the 
dose. There is a rapid decrease in flow for the first 
minute, but by the end of the second minute flow is as low 
as it goes, and there is a steady, but only slight {6%) 
recovery until the tenth minute. Upon termination of the 
infusion flow recovers quickly: about half of the decrease 
is recovered in the first 30 s, and about 95^ recovery is 
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There was, however, wide individual variation, and though 
the averages show no overshoot in flow, 3/6 responses to low 
doses and 2/8 responses to high doses, did show slight over­
shoot .
The basic quantitative difference between doses is 
that higher doses cause a faster decrease in flow when the 
infusion is begun, and the decrement is greater. On average, 
full recovery is slower.
E-pinechrine. Epinephrine, a second endogenous cate­
cholamine, stimulates both alpha and beta receptors and 
causes a diphasic response—a mixture of vasodilation and 
vasoconstriction. Figure 3 shows the average responses, 
again arbitrarily divided as effects of high (n=7) and low 
(n=4) doses. In seven out of eleven responses there was 
first a slight (5^) momentary decrease in blood flow. In 
the other four, and following the transient decrease in the 
seven, there was a rapid marked increase in flow. It ranged 
from 25$ to 115^ above normal for low and high doses re­
spectively. Higher doses produce a peak slightly sooner, 
but in both cases it occurs just before 30 s. Flow immedi­
ately declines and falls far below normal. A steady state 
at this decreased level is reached at about 1.5 min and 
persists until the infusion is stopped. Four out of eleven 
responses showed a small recovery during this time, especial­
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Recovery to control took about 45 s on average, and 
then there was an overshoot in flow. Higher doses produced 
the greater overshoot (more than 50% above control), but the 
low doses caused a sustained increase of just over 10$. 
Stabilization took a long time (20-25 min), and often this 
was at a higher flow than before the infusion.
The pattern of response for high and low doses was 
the same. In general, higher doses produced changes of 
greater magnitude.
Isoproterenol. Isoproterenol is such an effective 
vasodilator and cardiac stimulant that only low doses did 
not have systemic effects as defined earlier0 The average 
response (n=7) is shown in Figure 4. Brachial artery blood 
flow increased to a peak of 160$ control at about 3° s but 
dropped back to 140$ by 1.25 min. From there flow steadily 
increased, and at 10 min was about where it had been at 30 s. 
Termination of the infusion produced a slow recovery, and a 
stable flow was not reached for about 5 min. This was at a 
slightly elevated level in each case.
Acetylcholine. The responses for acetylcholine 
varied less than for any of the catecholamines. Six respon­
ses were obtained and are shown in Figure 5• Two additional 
responses were obtained with a much lower dose. Since the 
pattern of response was almost identical we felt that this 
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Upon initiation of the infusion there is an extreme 
increase in flow, with a peak at about 20 s, or a few 
seconds before with the low doses. It is a transitory in­
crease—a spike—and flow quickly recovers about 50$ of fhe 
increase. This takes 1-2 min, and then there is a slight 
decline in flow during the remainder of the infusion.
Flow recovers extremely rapidly when the infusion is 
stopped. During the first minute of recovery flow falls 
very rapidly to within 5-10$ of the control value, and de­
cline after that is very slight.
Simulations
The model predictions of blood flow in response to 
individual mechanisms—either changes in ion permeability or 
ion pump activity--are presented next. The simulations that 
are graphically displayed in Figure 6 are the predicted 
responses to 50$ increases and decreases. The verbal des­
criptions and rationale are in more general terms, because 
the pattern of the response for changes of other magnitudes 
is predicted to be the same, though the values differ in 
magnitude. For example, doubling of any of the permeabili­
ties or pump speeds resulted in the same pattern of response 
as for a 50$ increase, but the magnitude of the changes was 
slightly greater. Smaller changes in the mechanisms pro­
duced smaller changes in flow, but the pattern was the same.
24
Na Permeability. An increase in Na permeability
(Fig. 6A) causes a rapid drop in flow, 
a chain of events that starts with an immediate depolariza- 
As a result, there is a great increase in P




increases, actomyosin activation is enhanced, andi
vessel radius decreases. Increased vascular resistance and
decreased flow follow.
Throughout the 10 min there is a build-up of Na in 
This stimulates the Na-K pump, and its speed 
increases steadily, causing a partial recovery of membrane
2+-7ZCa _/• gradually returns toward normal 
levels and flow makes a partial recovery during the 10 min.
is returned to its normal resting value 
there is an excess of Na in the cell.
the cell.
potential and P Ca*
When PNa
This continues to 
stimulate the Na-K pump, and both /Na^/^ and Na-K pump 
activity take many minutes to return to control. Thus, at
10 min, though P 
pump causes a hyperpolarization. Blood flow overshoots 
control and gradually returns to normal along with membrane 
potential.
is returned to normal, the overactiveNa
If Na permeability is decreased (Fig. 6b), a hyper­
polarization follows. PQa decreases, there is a precipitous 
drop in ZCa actomyosin activation and vascular
resistance are decreased. Flow increases greatly. 
gradually falls due to the decrease in P^ai and Na-K pump 
speed declines as a result. This leads to a transient in
2 r A 25
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Figure 6. Predicted time course of changes in "blood 
flow in response to changes in P °r PK.Na
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E ; it becomes less negative. This transient is mirroredm
ZCa2^-in P Both increase back toward normal afterandCa
drastic falls at the beginning, and flow shows a steady 
decline until 10 min.
/Na^/7^ is far below normal when P 
normal. The Na-K pump is slow, and the membrane is slightly 
depolarized. This results in an undershoot in flow. Sub­
sequent recovery is slow, and follows the return to normal 
of /Wa^7^, Na-K pump speed, E 
speed.
is returned toNa
and Ca permeability and pumpm*
E Permeability. An increase in K permeability 
(Fig. 6c) causes an immediate hyperpolarization. Ca perme­
ability and /Ca2^^ fall, and an increase in flow results. 
The hyperpolarization causes an increased electrical driving 
force driving Na into the cell, and </Na^7^ increases. This 
increase stimulates the Na-K pump, and produces positive 
feedback as the pump further hyperpolarizes the cell, 
further increases the driving force for Na influx, increases 
/Na^7^, and causes the pump to go faster. The vasodilation 
is enhanced, and blood flow increases monotonically through­
out the 10 min period.
£ is returned to normal there is still an ex­
cess of Na inside the cell, and this continues to stimulate
When P
the pump. The pump gradually removes this stimulus and its 
activity declines to normal levels. Since the electrogenic
27
Na-K pump is stimulated throughout the recovery, the 
membrane remains somewhat hyperpolarized.
ZCa2^7
undershoot as it returns to baseline.
This causes P Ca
to be lower than normal, and flow does notand
A drop in flow results from decreased K permeabil- 
The artificial change in permeability 
immediately causes a depolarization and thus decreased flow. 
The depolarization weakens the electrical gradient that 
drives Na into the cell, and /Na^T^ and Na-K pump speed
During the 10-min period, flow continues to 




tion of the Na-K pump to be membrane potentialj the mem­
brane continues depolarizing slowly as pump speed declines, 
and flow in turn decreases.
The return of P-^ to normal causes a swift return of 
Em and flow toward control. The final recovery is delayed 
because /Na^^ ^-s "below normal when P^. is restored. This 
causes continued inhibition of the Na-K pump, depolarization 
of the cell membrane, and low /Ca2^7
dependent on Na entering the cell to stimulate the Na-K
Full recovery isi*
pump.
Stimulation of Na-K ATPase activity 
(Fig. 7A) causes an immediate hyperpolarization of the cell
/Ca2^7^, and thus a 
The increased
Na-K Pump.
membrane, consequent decrease in P^a and 
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activity of the pump has a negative feedback on itself: 
pump extrudes Na but the lower results in a slower
Pump activity declines to just above control in
With this decline comes a return of mem- 
brane potential and /Ca _J . toward control levels, and flow 




When the artificial stimulation of the pump is 
stopped there is much less Na in the cell than normal, and 
Na-K ATPase activity drops far below normal. There is a 
and /Ca2^7^, and 
Since the pump speed is slow,
slight depolarization, increases in 
flow falls below normal also.
less Na is extruded than under normal conditions.
PNa is normal, Na gradually accumulates and ZNa^/\ returns 
to normal levels.
Because
This stimulates the Na-K pump to increase
/Ca2^7^, and flowits activity to normal, and E , Pp andin Oci
recover completely.
An artificial change in the opposite direction, in­
hibition of Na-K pump activity (Fig. 7B), results in 
immediate depolarization and concomitant changes to decrease 
This is followed by a transient increase in flow.
The initial inhibition of the Na-K pump results in a build­
up of /jNa.^7^ which stimulates the pump to bring about 




At 10 min, when the artificial inhibition of the 
Na-K pump is removed, /Na^y7^ is high. Pump activity
30
increases far beyond normal and the membrane is hyperpolar- 
ized. Changes in Ca cause flow to increase way beyond 
control. As the pump exports Na to the extracellular fluid 
it removes the stimulus to its excess activity, and pump 
speed, membrane potential, and flow gradually fall back to
normal.
Ca Permeability. In those perturbations where Ca 
permeability or Ca pump activity are not directly altered, 
membrane potential and flow follow the same pattern. This 
is electromechanical coupling. However, where direct in- 
tervention occurs, membrane potential may remain unaltered, 
yet drastic changes in flow occur—pharmacomechanical 
coupling.
Calcium does not contribute significantly to the 
membrane potential, and an increased PCa (Fig. 8A) causes 
only very slight changes in Em. The effect on flow is, 
rather, a direct one. Ca enters the cell under the influ­
ence of both electrical and chemical gradients, and /Ca2^7 
rises quickly. Flow decreases drastically. There is no 
transient since, once the forces on Ca are balanced, other 
changes are negligible.
Flow returns to control very quickly when P^a is 
returned to the normal value. This reflects the fast action
i
of the Ca pump in restoring intracellular Ca levels, 
very small decrement in P
The
+
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Figure 8. Predicted time course of changes in blood 
flow in response to changes in P or Ca pump speed.Ca
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A decrease in PCa (Fig. 8B) has only slight effects
/Ca2^7i falls quickly, 
/Na^7^ increases very slightly
recovers some
on Em (a very small depolarization). 
and flow increases greatly, 
and the Na-K pump speeds up in response, 
of its small change, and flow increases very very slightly 
during the 10 min period.
Since there is little change in any of the electro­
lytes beside Ca during the artificial decrease in PQa> "the
£a is followed by an increase in /Ca2^7^ 
back to normal and a quick return to normal flow, 
a little elevated at first, but this stimulates the Na-K
Em
return to normal P
/Na^ is
pump to correct this.
Ca Pump. The changes in blood flow that occur when
Ca pump activity is altered are almost identical to changes
An increase in Ca pump activityafter alterations in P Ca*
has the same kinetics as a decrease in PQa» and vice versa.
As Ca pump activity is increased (Fig. 8E), /Ca2^/^
There is a very slight depolari-falls, and flow increases.
zation and this causes a small increase in P The in-Ca*
crease in flow results because the effect of the Ca pump is
much stronger than that of increased P^a in controlling
In other words, the pump actively extrudes Ca much 
faster than the mildly increased permeability allows it to 
accumulate. The slight depolarization also causes a mildly 
and ZNaj7^ increases. The Na-K pump is mildly 




effect of the Ca pump.
Once again, there is very little change in electro­
lytes heside Ca during this time, 
returned to normal, /Ca _/• and flow return to normal very 
quickly also.
When Ca pump activity is
Analogous to increased PQat decreased Ca pump activ­
ity (Fig. 8D) results in increased /Ca^y7
, and the Na-K pump occur, and
The important
Only veryi*
slight changes in P
these have a negligible effect on flow, 
factor in the change is /Ca^/^ which causes vasoconstric-
When Ca pump activity is restored, 
flow recovers in about 30 s because little else beside
Na
tion and decreased flow.
has changed.
Cl Permeability. One can change Cl permeability any 
way one pleases--increase it drastically, or even make it 
zero— and the model predicts no change in flow. This is 
because Cl is distributed passively. When the cell is in 
its resting state, a change in P 
distribution. If P^ were changed along with some other 
perturbation then it would be expected to affect the rate of 
the changes but not the final result.
Two Mechanisms Simultaneously. Simulations of the 
responses to changes in two mechanisms simultaneously, 
either 50^ increases or decreases in permeabilities or pump 
speeds are displayed in Figures 9-17» The interactions of
does not disturb thisCl
34
Since they are essen-Pca and Ga pump speed are not shown, 
tially opposite effects, a 5°^ increase in both, or a 5°^
A 50$ decreasedecrease in both resulted in no net change, 
in one, and increase in the other produced the same
pattern of response as either individually, but the magni­
tude of the changes was greater. Combinations involving Cl 
are not displayed because the combination produced a pre­
dicted response that was not significantly different from 
the predicted response to the perturbation when P 
changed. In general, the changes were less than 1% differ­
ent. In combination with Pjyja> or Na-K pump, increasing
P^ decreased the magnitude of the change that was predict­
ed with the former change alone. With decreased Pq-j_» the 
magnitude of the change was greater than with changed P^a» 
P^, or Na-K pump activity.
Some further simulations involving combination of 
mechanisms in unequal proportions were tried. These are 
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Figure 9. Predicted time course of changes in blood 
flow in response to changes in PNa and PK .
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Figure 11. Predicted time course of changes in blood 
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Figure 12. Predicted time course of changes in blood 
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Figure 13• Predicted time course of changes in blood 
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Figure 14. Predicted time course of changes in blood 
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Figure 16. Predicted time course of changes in blood 
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Figure 18. Predicted time course of changes in blood 
flow in response to changes which could be involved 
in the response to E.
DISCUSSION
The experiments undertaken in this study have shown 
the patterns of brachial artery blood flow in response to 
norepinephrine, epinephrine, isoproterenol, and acetylchol- 
The second major goal is to elucidate the cellular 
mechanisms through which these drugs may act.
A distinction needs to be made between what we 
might call the primary mechanism, and the secondary mechan- 
The secondary mechanisms are widely believed to be
ine.
isms.
effects on ion permeabilities or active ion transport (the 
pumps) (Johansson et al 1980). The primary mechanisms are 
the link between the binding of the drug to the receptor and 
these secondary actions. For example, cyclic AMP is 
believed to be involved in the response to beta-adrenergic
• »
stimulation (Bolton, 1979; Exton, 1980; Somlyo and Somlyo, 
1970). This study has been concerned with the secondary 
mechanisms, and this is the reason for the simulations pre­
sented in the results.
Norepinephrine
NE is the postganglionic adrenergic transmitter, and 
it is a potent excitatory catecholamine, 
mediated by alpha-adrenergic receptors, and thus our discus­
sions here are really about the mechanisms of alpha receptor 
stimulation.
Its effect is
Hypotheses From the Literature. The excitatory
45
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action of NE on the vasculature implies that /Ca2^7
There is wide support from experiments in a number 
of types of vascular smooth muscle that this is brought about 
by increased P^a and influx of extracellular calcium, and/or 
by intracellular release (Bolton, 1979; Casteels et al




1979; Exton, 1980; Hiraoka et al 
Siegel, 1980).
• >
The change has not always been quantitated 
but, in rat aorta at least, Ca influx has been "confirmed
and quantitated", and it is "clearly sufficient" to activ­
ate contraction (Johansson and Somlyo, 1980). Some results 
suggest that different concentrations of NE involve differ­
ent sources of Ca0 Casteels et al. (1979) suggest that 
physiologically (low concentrations) NE causes entry of 
external Ca only. Others suggest that "in many instances, 
both mechanisms appear to operate" (Exton, 1980). Whatever 
the case, our model cannot distinguish between sources of 
Ca. For the present study it is sufficient to state that 
the literature strongly supports increased P£a and possible 
intracellular release as a result of stimulation by NE. 
However the effect may be direct, or it may be secondary to 
other mechanisms.
In addition to this, many experiments indicate that 
NE changes permeabilities beside Ca. Reported changes vary 
widely between different vascular beds and animals. The 
heterogeneity of conditions employed in these studies makes 
it difficult to draw conclusions. Table I outlines some of
4?
the diverse suggested mechanisms. NE has also been postula­
ted to stimulate the Na-K pump.
Model Simulations and Hypotheses. Increasing 
(Fig. 8A) or decreasing Ca pump activity (Fig. 8D) (the
patterns of the predicted responses are the same) produces a 
good simulation of the NE response, except that there is a 
small transient decrease in flow after the initial rapid 
fall, whereas the experimental data show a small transient 
increase. It should be noted that the transient was an
average response, and not all animals showed it. The major
objection to hypothesizing that NE acts primarily by direct­
ly increasing or decreasing Ga pump activity is that NE
is generally reported, in the references in Table I, to
cause a depolarization and to involve changes in other per-
Alterations of P^ and Ca pump 
activity alone do not cause depolarization or involve these 
changes.
meabilities beside Ca.
There is a suggestion, in portal vein at least, that
After increasing 
?Na al°ne» “the model predicts the observed response quite 
well except for a small overshoot during recovery (Fig. 6a). 
We could postulate that NE diffusing in from the intersti- 
tium prevented this in the experimental response, 
natively, and more likely, sympathetic tone is involved. 
Experiments by Robert Brace since these studies show that,
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in a denervated preparation, the recovery response after in­
fusion of NE has a distinct overshoot. The predicted 
response to increased P^a matches this response very well.
Increased brings about a secondary increase in 
Pca> "this could explain the Ga flux that is found. If
we combine increased P^ with increased P^a the model pre­
dicts a response that is not substantially different from 
that to increased P„ alone.Na
The pattern of the simulated responses for a number
are very similar
alone, as long as there is a 5°^
of combinations that include increased PNa
to that for increased PNa
change in both mechanisms. First, if we add increased P^ 
or decreased Ca pump activity to increased P (Fig. 11A or
Fig. 12C), the model predicts no change in the pattern of 
the response though the decrease in flow is greater, 




PK (Fig. 9C), there is a vasoconstriction and decrease in 
flow, but the on and off responses are very abrupt and there 
is no transient during the 10-min perturbation, 
model predicts that increased P 
together (Fig. 10A) would result in decreased flow, with a 
further transient decrease during the perturbation, and a 
slow recovery with no overshoot.
On the basis of these simulations it seems that in-
Na
Third, the
and stimulated Na-K ATPaseNa
creased P is the primary mechanism involved in theNa
50
response to NE. It may be than changes in Pq]_» stimulation 
of the Na-K pump, increased PQa» or decreased Ca pump 
activity are also involved.
Any suggestion of increased P as the major mechan­
ism is unthinkable since changes in alone produce
An increase in P^ (Fig. 6C) 
produces an increase in flow, and it is thus inconsistent to
Cl
negligible changes in flow.
hypothesize that an increase in P^. is the major mechanism.
A combination of increased P^- and Pq^ is no better.
The model predicts that combining increased P 
increased P^ (see Fig. 9A) results either in a decrease in 
flow with a larger recovery overshoot if P 
an increase in flow if the change in P-^- is dominant.
Neither response matches the observed response and this is 
not a tenable hypothesis either.
It is interesting to postulate a decrease in P-^
(Fig. 6D) as the major mechanism.
creased P^. matches the experimental response to higher doses 
of NE better than the prediction for increased P
withNa
is dominant, orNa
The prediction for de­
does .Na
Conversely, the response to lower doses of NE is predicted 
better by an increased P However, the response to de-Na ‘
creased P^. does not fit with the experimental response in a 
denervated preparation (mentioned above) because it lacks
the overshoot. In addition, it shows a transient decrease
in flow during the infusion, whereas the experimental res­
ponse and predicted response to increased P show aNa
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transient increase. Further, as the data from the litera­
ture (Table I) suggest, and Bolton (1979) in review states
perturbations are generally found to increase permeability
Thus, decreased P^. is not an 
acceptable hypothesis for the mechanism of NE action.
NE is found to inhibit its own release (Shepherd, 
This effect could explain the transient increase in 
flow during the infusion, 
ever, that though exogenous NE may inhibit the release of NE 
from nerve terminals, the concentration of exogenous NE in 
the blood stream increases during the course of the infu­
sion because blood flow decreases and the rate of drug 
infusion is constant.
rather than decrease it.
1978).
We should note in caution, how-
The discussion of the mechanisms involved with E and
ISO will bear on our understanding of the mechanisms used by 
NE. At present, however, and in summary of this section, 
the most attractive hypothesis for the action of NE is that
is the major mechanism. It could act in 
combination with increased PC1» stimulated Na-K ATPase, 




ISO, an exogenous catecholamine, is widely used in 
pharmacologic and physiologic studies because of its potent
Beta-adrenergic receptor stimulation seems,beta effects.
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invariably, to produce relaxation in smooth muscle, and 
vascular smooth muscle is no exception. There is strong 
evidence, and it is widely accepted, that cyclic AMP is the 
primary link—the second messenger—between beta-receptor 
activation and its effects (Bolton, 1979; Exton, 1980;
1970.Somlyo et al • f
Hypotheses From the Literature. The inhibitory 
effect of ISO is produced by lowering cytoplasmic calcium 
concentration. This could be produced either by decreased 
Pea, increaseci Ca P^P activity, or intracellular uptake 
(Bolton, 1979; Marshall, 1979; Somlyo and Somlyo, 1970).
In addition to this, other secondary mechanisms have 
been proposed. Studies in rabbit main pulmonary artery 
suggest that the Na-K pump is stimulated and the smooth 
muscle cells are hyperpolarized (Somlyo and Somlyo, 1970). 
Marshall (1977) tabulates some results from other kinds of
Beta mechanisms in the rat uterus are alter-smooth muscle.
natively proposed to be increased P-^ with increased Ca pump 
activity, or decreased P 
ity.
with increased Na-K pump activ- 
The effect in guinea pig ureter was attributed to 
increased P^. alone.
Na
Model Simulations and Hypotheses. The experimental 
response to ISO is more complex than the response to NE, and 
it has been more difficult to simulate. As noted above, ISO 
must result in a lowering of cytoplasmic calcium concentra­
tion. A direct effect on the mechanisms that produce this—
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decreased and increased Ga pump activity—is predicted
to result in a fast increase in flow, and sustained flow at 
this level until the stimulus is removed (Fig. 8B and 8C). 
Recovery is almost immediate. This is not at all like the 
experimental response. It is possible that some scheme of 
intracellular uptake could account for the peak and trans­
ient increase. However, we expect that the changed Ca 
economy is either secondary to other changes, or not the 
only mechanism involved.
alone (Fig. 6b) produces a sustained 
increase in flow with an initial rounded peak, but the peak 
is followed by declining flow rather than a gradual increase. 
In addition, the recovery is very abrupt and actually under-
It is not reasonable to suggest that this 
is the major mechanism employed by ISO.
Another hypothesis is that increased P-^- alone 
(Fig. 6C) alone is responsible.
model predicts the transient increase during the stimulus,
Decreased PNa
shoots control.
For this mechanism the
and also predicts the recovery response reasonably well, but 
the initial peak is lacking. In the experimental response 
the initial peak is relatively small and flow gradually
returns to the level of the peak by the end of 10 min. This 
could possibly be accounted for in the following way, still 
assuming that increased P-^ is the mechanism involved. At 
the beginning of the infusion the drug causes a rapid vaso­
dilation. This would cause the arteriolar concentration of
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ISO to fall, and there would be a partial recovery, 
partial recovery in flow would allow arteriolar concentra-
The
tion to rise again, and the transient increase in flow would 
With this explanation, increased P^. is a possibleresult.
hypothesis.
Stimulation of Na-K ATPase is a proposed hypothesis. 
For this mechanism the model predicts the observed initial
peak response, but not the transient or recovery responses.
(Fig. 10B), increased P^ 
(Fig. 13A), decreased P£a (Fig. 16C), or increased Ca pump 
activity (Fig. 1?A) the prediction matches little better.
In each case it is very similar to the response to decreased 
P^a alone, and is not acceptable for the same reasons.
None of the proposals above is sufficiently consist­
ent with the observed response to constitute a firm hypo­
thesis .
In combination with decreased PNa
Our best guess is that the action of ISO involves
Some other mechanism(s) are 
Increased P^. seems to be the 
best candidate, but stimulated Na-K ATPase and increased P^ 
together does not constitute a good hypothesis.
stimulation of the Na-K pump, 
almost certainly involved.
Epinephrine
Epinephrine, released from the adrenal medullae, 
stimulates both alpha- and beta-adrenergic receptors, 
shall assume that beta receptors are responsible for the 
initial vasodilation, and alpha receptors for the subsequent
We
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vasoconstriction. For this reason we expect that the 
mechanisms involved might he a combination of those employed
by NE and ISO.
Hypotheses From the Literature. The literature we
have reviewed has less to say about the mechanisms of E than
Sometimes mechanisms are dis-about those of NE and ISO.
cussed in terms of inhibitory (usually via beta receptors) 
and excitatory (usually via alpha receptors) actions (Shuba 
1976; Marshal, 1977)1 and in this connection E is 
usually seen as excitatory. This study has demonstrated, 
however, that E produces a diphasic response almost certain­
ly involving both alpha and beta receptors as noted above.
Two references that specifically deal with the 
effect of E on vascular smooth muscle both suggest that 
and Pqi> with little change in PK, are the 
mechanisms responsible (Kumamoto, 1977; Mekata et al 
The experiments were conducted with guinea pig anterior 
mesenteric vein, rat portal vein, and rabbit common carotid 
artery.
et al • »
increased PNa
1972).• 1
Model Simulations and Hypotheses. The hypothesis
mentioned above—that E achieves its effect by increased PNa
and increased P —agrees with one of the proposals for the 
It is understandable that ion flux experi­
ments should report the fluxes that resulted from alpha
Cl
action of NE.
stimulation because, over a number of minutes, this effect
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predominates. However, increased P alone, or in combina-Na
tion with increased P cannot account for the response to 
E "because the initial peak vasodilation is missing, 
us combine the mechanisms that we proposed for NE and ISO.
Cl
So, let
We should note, before we go any further, that sub­
sequent experiments by Robert Brace have shown that the 
recovery overshoot caused by E is abolished in acutely de- 
nervated preparations.
If we combine increased P and increased Na-KNa
ATPase activity, both increasing by the model predicts
a response that is much the same as the response to in- 
alone (Fig. 10A). 
there is no overshoot at the beginning of the off response. 
Since there is no initial vasodilation and increase in flow
creased P The major difference is thatNa
this is not a satisfactory simulation of the response.
However, if we propose a large stimulation of the Na-K pump, 
say doubling its speed, and a small increase in P 
20% increase, the model does predict an initial vasodilation 
and subsequent vasoconstriction (Fig. ISA), 
very gradual and slow, 
at least, increased P
say aNa*
The recovery is
It seems that, in these proportions 
and stimulated Na-K ATPase together 
could account for the action of exogenous E.
Na
Note that if
we add a slight increase in P^ to these changes in PNa and 
Na-K ATPase, the model predicts a further decrease in flow 
at the beginning of the off response, before a slow return 
to normal flow (Fig. 18E). This is contrary to the observed
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response.
There are three other sets of mechanisms that could
account for the E response if it has a slow recovery without
Each involves a large stimulation of Na-K 
ATPase (say a doubling of activity) and another small 
(10-40$) change, either decreased P^. (Fig. 18B), increased 
P^a (Fig. 18C), or decreased Ca pump activity (Fig. 18D).
The simulated responses for each of these combinations are 
very similar to the response for increased P
an overshoot.
and simu-Na
lated Na-K ATPase together.
Which of these is the most likely mechanism? We can 
rule out the proposals that include changes in P^ or Ca 
pump activity because we concluded in the NE section that 
the alpha effect is probably not just a direct effect on 
Ca-related mechanisms. It is, however, more difficult to 
make a choice between the proposals involving increased P 
and decreased P^., because they account for the response to 
E equally well.
Na
If we assume that stimulated Na-K ATPase is a major 
part of beta action, then the problem is one of alpha
In the NE section we concluded that increased Paction. Na
was a tenable hypothesis for alpha action, whereas decreased 
This ought to apply to this situation, too.
With regard to the beta action, it is interesting to 
note that each of the four sets of proposed mechanisms above
PK was not.
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involves a stimulated Na-K pump. As far as we are aware, 
after trying many combinations of changes in /P^.,
^Na/^Ca* PNa/Ca pump, and I)x//^Ca, s'kiinula'te(i Na-K ATPase 
must be involved in the E response, because no simulation 
other than those involving it predicts the initial diphasic 
response of E. We suggested in the ISO section that an in­
crease in P-^ is a possible beta mechanism. Note that it 
would be contradictory to postulate increased P^- as a beta 
mechanism and decreased as the major alpha mechanism. In 
addition, the predicted response to increased P 
increased P^- together does not match the E response, and the 
situation is not improved if we add stimulated Na-K ATPase. 
These facts argue against increased P^. as a major part of 
the beta response, but support the role of stimulated Na-K 
ATPase in the response.
Thus, our best hypothesis is that increased P^a/ 
stimulated Na-K ATPase is the cause of the E response. The 
is a result of alpha receptor stimulation, and 




Several other points regarding E ought to be noted. 
It is difficult to account for the slight decrease in flow 
that immediately follows the start of E infusion and pre­
cedes the large initial vasodilation, 
seven of the eleven responses and appears in the averages.
It was observed in
59
There is no reason to believe that it is an artifact, since 
it did not occur in the responses to any other drug. 
Secondly, it is interesting to note that we could not obtain 
a pure vasodilatory response to E by giving very low doses. 
This indicates that it is not possible to stimulate beta 
receptors alone.
We shall have to conclude, on the basis of these 
discussions, that we cannot be emphatic about our hypotheses 
regarding all of the mechanisms used by catecholamines. 
However, it seems certain that stimulation of Na-K ATPase is 
involved in the beta response, though probably not alone.
We have not been able to find any that are consistent with
Our hypothesis is that increased P 
is the major mechanism of the alpha response.
the results we have. Na
Acetylcholine
ACh interacts with the smooth muscle cells of vas­
culature through muscarinic receptors. It has been suggested 
that there are both excitatory and inhibitory muscarinic 
receptors in vascular smooth muscle (Vanhoutte, 1977). The 
relative distributions of these receptors, and the concen­
tration of ACh used, would determine whether a contraction, 
relaxation, or biphasic response is obtained. Physiological­
ly, however, only the direct relaxatory effect seems 
important, and we were not able to cause constriction in 
this vascular bed even with large doses of ACh.
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In our experiments there was an initial relaxation 
and increase in flow, and then about 50% recovery by 1-2
Perhaps this indicates that two populations of recep­
tors are involved.
min.
We are also aware that ACh inhibits the
release of NE at the adrenergic nerve ending (Vanhoutte,
1977).
Ultimately the
amount of intracellular calcium must be reduced to bring 
about the tremendous increase in flow that is observed.
Hypotheses From the Literature.
Data on proposed secondary mechanisms for ACh are sparse. 
In guinea pig terminal ileum, the suggestion is that Na-K 
pump activity is increased due to increased P 
PK (Bolton, 1973)•
an increase in PK (Kuriyama and Suzuki, 1978).
Model Simulations and Hypotheses. 
vidual mechanisms could account for all aspects of the 
experimental response, 
the ACh response is the initial vasodilation, and none of 
the simulations we have tried predicts this, 
vidual mechanisms, the predicted response after increasing 
P-£ (Fig. 6C) comes closest to representing the observed 
response, but it is really only accurate in predicting the
The initial peak increase in flow is
and increasedNa
Other data suggest that the mechanism is
None of the indi-




(Fig. 6b) results in a massive in­
crease in flow, but there is no distinct peak, and there is
Decreased PNa
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an undershoot on recovery. In both these respects it does 
not represent the observed response. Increased P
with increased P-^- (Fig. 9A) are ludicrous 
hypotheses. PNa alone, or both mechanisms together if the 
changes are approximately equal, produce vasoconstriction 
rather than vasodilation. If the increase in P^- is much 
greater than the increase in PNa> dilation results.
If we combine mechanisms, there are quite a number 
of predicted responses that are much like the response to 
decreased P^as increased P^. with stimulated Na-K pump 
(Fig. 13A), stimulated Na-K pump with decreased P^
(Fig. 16C), stimulated Na-K pump with stimulated Ca pump 
(Fig. 17A), and some other combinations involving decreases 
in permeability. All result in a marked increase in flow 
with a rounded peak and gradual decline until 10 min. They 
also have an undershoot at the beginning of the off response. 
This does not match the ACh response satisfactorily.
The initial peak of the experimental response 
suggests that Na-K ATPase may be involved, but stimulated 
Na-K ATPase (Fig. 8A) alone is a very poor representation.
The predicted responses to combining increased P^ and stimu­
lated Na-K ATPase (Fig. 13A), or decreased P 
ed Na-K ATPase (Fig. 10B) are both very similar to the 
response to decreased Pj^a> and no more consistent with the 





It seems that none of these sets of mechanisms can
predict the experimentally observed response, 
we may suggest that the intense initial vasodilation allows 
such a great increase in blood flow that the arterial concen­
tration of the drug falls and the stimulus is partially
This could contribute to the initial peak, but in 
the ACh response it is much sharper and greater than in the 




One good suggestion is that the response to ACh 
involves inhibition of release of NE from the adrenergic 
terminals, as above. This would be like a sudden sympa­
thectomy, and we know that this produces intense vasodila­
tion with some subsequent recovery. To achieve the peak we 
would need to postulate that some other mechanism, perhaps 
increased P^- or stimulated Na-K ATPase was also involved. 
Alternatively we could postulate a delayed release of intra­
cellular calcium, or delayed influx, after 30 s, to explain 
the partial recovery. This is even more speculative than 
the previous hypothesis. We have no way of simulating these 
with the model at present.
We shall have to conclude that we have no firm hypo­
thesis about the mechanisms involved in the action of ACh.
CONCLUSIONS
Our conclusions are less complete than one might 
hope, but "new information always generates new enigmas." 
Our first goal—to record and characterize the blood flow
responses to NE, E, ISO, and ACh--has been achieved. In 
meeting the second goal we have had only partial success. 
Our hypothesis is that the primary response to NE is an 
increased P ISO probably stimulates Na-K ATPase, butNa*
some other mechanism is almost surely involved.
Ppr is the best candidate, but not a good one by any means. 
The response to E can be reasonably well predicted by
Increased
assuming that it stimulates Na-K ATPase and increases PNa
but only if the Na pump stimulation is much greater than the
increase in P The mechanism of ACh action is not clear,Na*
and we have no satisfactory hypothesis to offer.
The major contributions of this study appear to us 
to be (1) an increased understanding of the mechanism of 
action of the three catecholamines used, and (2) the
demonstration of an effective method by which to propose and 
test hypotheses about the mechanisms of action of vasoactive 
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Normalized values of brachial artery blood flow in response 
to arbitrarily designated low doses of norepinephrine (n=6)
Table All.
Cone (ug/min)
1.84 O.37 0.3? 0.46 . O.74 0.92
Time 
(min)























































































































































































































































































Normalized values of brachial artery blood flow in response to 
arbitrarily designated high doses of epinephrine (n=7)
Table AIII.
Cone (ug/min)
2.10 2.30 2.30 2.30 2.30 2.30 2.30
Time
(min)



















































































































































































































































































































Normalized values of brachial artery blood 
flow in response to arbitrarily designated 
low doses of epinephrine (n=4)
Table AIV.
Cone (ug/min)
0.46 0.46 0.46 0.18



























































































































































































































Normalized values of brachial artery blood flow in response to 
infusion of isoproterenol (n=?)
Table AV.
Cone (ug/min) 
























































































































































































































































































































Normalized values of brachial artery blood flow in response 
to arbitrarily designated high doses of acetylcholine (n=6)
Table AVI.
Cone (ug/min)
4.60 1.84 1.84 0.23 1.84 0.46
Time 
(min)























































































































































































































































































Normalized values of brachial artery blood 
flow in response to arbitrarily designated 
low doses of acetylcholine (n=2)
Table AVII.
Cone (ug/min) 
0.02 0.14
Normalized Blood FlowTime
(min)
x + s
1.00
1.00
1.00
1.01
1.00
1.00
1.00
0.00
0.00
0.01
0.00
0.01
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.02
1.00
0.99
-5
-4
-3
-2
-1
0
16s 10s 13sPeak
0.6?
1.44 
1.17 
1.17 
1.16 
1.16 
1.16 
1.14 
1.13 
1.12 
1.11 
1.10 
1.10 
1.09 
1.08 
0.97 
0.97 
1.00 
1.00 
1.00 
0.97 
0.97 
0.98 
0.98 
0.99 
0.97
1.47
1.26
1.16
1.15
1.16 
1.13 
1.13 
1.13 
1.18 
1.17
1.15
1.16 
1.13 
1.20 
1.08 
1.05 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04
1.46 
1.22 
1.17 
1.16 
1.16 
1.15
1.14
1.13
1.15
1.14 
1.13
1.13 
1.11
1.14 
I.03 
1.01 
1.02 
1.02 
1.02 
1.01 
1.01 
1.01 
1.01 
1.02 
1.01
0.06 
0.01 
0.01 
0.00 
0.02 
0.01 
0.00 
0.04 
o. 04 
0.04 
0.04 
0.03 
0.08 
0.08 
0.06 
0.03 
0.03 
0.03 
0.05 
0.05 
0.04 
0.04 
0.04 
0.05
1
1.33
1.67
2
3
4
5
6
7
8
9
10
10.5
11
12
13
14
15
16
17
18
19
20
